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Abstract
Nanoparticles of Co0.5Ni0.5Fe2−xCexO4 (where x = 0.0, 0.01, 0.015 and 0.02) ferrites are prepared by the modified
solution combustion method using a mixture of fuels and are characterized to understand their structural, microstructural
and magnetic properties. The X-ray diffraction is used to confirm the formation of a single-phase cubic spinel structure. The
average crystallite sizes are calculated using the Scherrer formula and are found to be less than 50 nm. The microstructural
features are obtained by the scanning electron microscopy, and the compositional analysis is done by using the energy-
dispersive spectroscopy. The transmission electron microscopy (TEM) investigations show that the synthesized ferrites are
made up of very fine spherical nanoparticles. The influence of a rare-earth element (Ce3+) on the magnetic properties of the
samples was studied using the Mo¨ssbauer spectroscopy. The Mo¨ssbauer spectroscopy reveals the formation of broadened
Zeeman lines and quadrupole-split lines and the presence of the Fe3+ charge state at B sites in the samples. The quadrupole
splitting shows that the orientation of the magnetic hyperfine field with respect to the principle axes of the electric field
gradient was random. The magnetic hyperfine field values indicate that the A sites have more A-O-B superexchange
interactions than the B sites. The coexistence of magnetic sextet and a doublet component on the room-temperature spectra
suggests superparamagnetic properties of the nanoparticles. The low-temperature (15 K) Mo¨ssbauer spectroscopy explores
the paramagnetic relaxation in the nanoparticles. The area under the sextet refers to Fe3+ concentrations in the tetrahedral
and octahedral sites of the ferrite. This study confirms that the Ce3+ substitution of Fe3+ only for octahedron sites causes
the decrease in Fe-O-Fe arrangement. The effect of Ce3+ doping on the magnetic properties of Co0.5Ni0.5Fe2O4 is examined
from the vibrating sample magnetometry (VSM) spectra. Saturation magnetization values are decreased initially and then
increased, as result of Ce3+ doping. This can be explained by Neel’s two-sub-lattice model. Further, the value of coercivity
is found to be increasing with increasing Ce3+ concentration. The obtained results of M-H loop with improved coercivity
(from 851 to 1039 Oe) by Ce3+ doping of Co0.5Ni0.5Fe2O4 demonstrate the usefulness for permanent magnet applications.
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1 Introduction
Over the recent years, researchers have been trying to
modify the properties of spinel ferrites by the substitu-
tion of various divalent and trivalent metal ions in the
ferrite system [1–4]. Doping a spinel ferrite structure by
rare-earth ions is increasingly important because of the
growing number of applications compared to similar fer-
rite systems [5–8]. Due to high permeability, saturation
magnetization and low coercivity, rare-earth-doped ferrites
are promising candidates for numerous microwave applica-
tions, such as circulators, phase shifters, isolators, power
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transformations, memory core devices, antennas and high-
speed digital tapes, high-density data storage devices, cat-
alysts, magnetic liquids and microwave absorbers [9–11].
As a token of interest, we consider the rare-earth-doped
Co-Ni mixed ferrite system to obtain new results rele-
vant for technological applications [12]. The Lanthanum
series (rare-earth elements: La, Sm, Gd, Dy, Yb, Er, Tb,
Ce and Y)-doped ferrites show significant perturbations in
structural distortions and electrical and magnetic proper-
ties [13–16]. Incorporation of rare-earth ions at Fe3+ site
decreases the Fe-O-Fe interactions, and the occurrence of
simultaneous Re-Fe interactions leads to the enhancement
of magnetic properties in the ferrites [17–22]. In the present
investigation, we introduce larger-ionic radius Ce3+ at
the Fe3+ site of Co0.5-Ni0.5 ferrites. For the first time,
we have synthesized the ferrite samples by the modi-
fied solution combustion method using a mixture of car-
bamide and urea as fuels and have reported the influence
of Ce3+ on the structural, microstructural, magnetic and
low-temperature Mo¨ssbauer spectroscopic properties and
room-temperature field-dependent magnetic properties of
Co0.5Ni0.5CexFe2−xO4 (where x = 0.0, 0.01, 0.015 and
0.02). The results of the present work suggest that the
synthesized material can be nominated candidates for per-
manent magnet applications.
2 Experimental
2.1 Precursors
All the materials were 99% pure AR grade cobal-
tous nitrate hexahydrate [Co(NO3)2·6H2O], nickel nitrate
hexahydrate [Ni(NO3)2·6H2O], ferrous nitrate nanohy-
drate [Fe(NO3)3·9H2O] and cerium nitrate hexahydrate
[Ce(NO3)3·6H2O] as oxidizers, while carbamide and glu-
cose as a mixture of fuels. The water was distilled twice to
avoid impurities.
2.2 Synthesis
For the synthesis of Co0.5Ni0.5Fe2−xCexO4 (where x = 0.0,
0.01, 0.015 and 0.02), stoichiometric amounts of oxidizer
and fuel are taken in the ratio 1:1 (O/F = 1), dissolved
in a 500-ml capacity Pyrex glass beaker and diluted with
50 ml double-distilled water, then are thoroughly mixed by
a magnetic stirrer at 800 rpm for about 40 min until all
the precursors dissolve completely to obtain a homogeneous
clear solution. This clear solution is kept into a preheated
muffle furnace at 450 ± 10 ◦C. Initially, the solution boils
and then undergoes dehydration, and the voluminous gases
of nitrogen, carbon dioxide and water vapour are released.
The left-out mass gets ignited, resulting in a very soft
product. This resultant product is ground in an agate mortar
to get a fine powder for further use.
2.3 Methods
The obtained fine powdered sample is characterized by X-
ray diffraction (XRD) using a PANanalytical X-ray diffrac-
togram with a CuKα radiation of wavelength 1.542 A˚ in
the 2θ value ranging from 20◦ to 80◦ with a step size
of 0.02◦. Rietveld refinements for the obtained XRD pat-
terns are carried out using Fullproof software. The scanning
electron microscopy (SEM) and energy-dispersive spec-
troscopy (EDS) spectra are collected using JEOL (model
JSM-840) to investigate the morphology and elemental
analysis of the samples. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) are
performed using Philips (model CM 200) to estimate the
particle size of the samples to confirm the crystallinity of
the samples. The Mo¨ssbauer spectra are obtained using
the MS1104Em Mo¨ssbauer spectrometer. The 57Co in Rh
matrix is used as a γ -ray source. The samples are cooled
in helium cryostat CCS-850 (Janis Res., Inc., USA). The
Mo¨ssbauer experimental spectra are fitted using SpectrRe-
lax software. The magnetic properties of all the samples
explored using Lakeshore 7410 vibrating sample magne-
tometer (VSM) with a maximum applied field of 20 kOe.
3 Results and Discussion
3.1 Structural Analysis
Rietveld refined X-ray diffraction patterns of Co0.5Ni0.5
Fe2−xCexO4 (where x = 0.0, 0.01, 0.015 and 0.02)
nanoparticles are shown in Fig. 1. The XRD data for the
samples with x = 0.0 composition are given in ref. [26]
and also presented here for comparison. All the samples
have cubic inverse spinel structure. All the XRD peaks are
indexed, the hkl plane of the peaks refers to Fd3m space
group and the nonoccurrence of extra peak in the XRD
pattern suggests the synthesized sample-phase purity. The
major intense peaks of the XRD pattern are indexed as
(220), (311), (222), (400), (422), (511) and (440), and all
the peaks match well with the characteristic reflections.
The fitting of all the peaks is carried out using GSAS
program. In addition to a low value of χ2, the residue
factors, i.e. Rp and Rwp, are less than 0.1, which indicates a
good agreement of the observed patterns with the calculated
ones. The crystallite size (Dhkl) is calculated by using the
Debye-Scherrer formula [23]
Dhkl = kλ
β cos θ
(1)
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Fig. 1 Rietveld refined XRD
patterns of
Co0.5Ni0.5Fe2−xCexO4 (where
x = 0.0, 0.01, 0.015 and 0.02)
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where k is Bragg’s constant, β is the FWHM in radians, λ is
the wavelength of X-ray and θ is Bragg’s diffraction angle.
The average crystallite size of the samples is presented in
Table 1. The lattice parameter a of the samples is estimated
using the formula [24]
a = dhkl
√
(h2 + k2 + l2) (2)
dhkl = λ
β sin θ
(3)
where dhkl is the interplanar spacing and (hkl) is miller
indices. The influence of larger-ionic radius Ce3+ (1.14 A˚)
at the site of Fe3+ (0.63 A˚) in a spinel ferrite decreases the
lattice parameter from 8.313 to 8.245 A˚ with the growth
of a dopant concentration. This is due to lattice distortion
which leads to lesser arrangement of Ce3+–O2− bonds.
This induces a larger crystalline anisotropy and develops
internal strains inside the lattice volume with an increasing
Ce3+ concentration. In order to balance the crystalline
anisotropy and internal strain, the crystallite size decreases.
The Fe3+ ions in spinel ferrites can occupy both tetrahedral
and octahedral sites. The introduced Ce3+ ions have the
tendency to occupy the octahedral sites. Yet, it is difficult
for Ce3+ to substitute Fe3+ because of its ionic radii being
larger than those of Fe3+. These need larger activation
energy to enter the octahedral sites, which leads to a
decrease in crystallite size and lattice parameter. In addition,
the average crystallite size (DW−H) and internal strains
(ε) of the samples are determined by the Williamson-Hall
relation [25]
β cos θ = kλ
DW−H
+ 4ε sin θ (4)
where β is the FWHM of the diffraction peaks in radians.
A plot of (β cos θ) along the Y -axis and (4sinθ) along the
X-axis for every sample under investigation is presented
in Fig. 2. From the linear fit of the data, the slope of the
line indicates the lattice strain induced in the samples, and
the intercept on the Y -axis shows the effective crystallite
size. The lattice strain (ε) and effective crystallite size
(DW−H) in nanometres determined from Williamson-Hall
plots are listed in Table 1. From the W-H plots, it is clear
Table 1 Crystallite size, lattice parameter, X-ray density, crystallite size and internal strain from the W-H plot as well as particle size from TEM
of Co0.5Ni0.5Fe2−xCexO4 ferrites where x = 0.0, 0.01, 0.015 and 0.02
Ce3+ concentration Crystallite Lattice χ2 X-ray density Particle size W-H plot
(x) size (Dhkl , nm) parameter (a, A˚) (	, g/cm3) from TEM (nm) Crystallite size Internal
(DW−H, nm) strain (×104)
0.00 35.157 8.36254 1.37 5.326 50 35.5 27.1
0.01 27.288 8.35876 1.56 5.353 30 33.3 29.5
0.015 26.598 8.35844 1.90 5.363 29 31.9 35.5
0.02 25.888 8.35805 1.48 5.371 28 30.6 37.3
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Fig. 2 Williamson-Hall plots of Co0.5Ni0.5Fe2−xCexO4 (where
x = 0.0, 0.01, 0.015 and 0.02)
that the replacement of Fe3+ by Ce3+ in the Co0.5Ni0.5
ferrites perturbs appreciably the crystallite size and lattice
strain in the samples. The variation in the crystallite size
estimated from XRD using the Debye-Scherrer formula and
Williamson-Hall relation is consistent with each other. The
trend of crystallite size from the Scherrer formula and W-H
plots is shown in Fig. 3.
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Fig. 3 Variations of crystallite size (Dhkl) from the Scherrer formula
and of DW−H from the Williamson-Hall plot with Ce3+ concentration
The theoretical density is determined by the following
relation [26]:
	x = ZM
Na3
(5)
where Z = 8 is the number of atoms per unit cell, M is
the molecular weight of the ferrite sample, N is Avogadro’s
number (6.023 × 1023 particles per mol) and a is the
lattice parameter. As the dopant concentration increases,
the lattice parameter decreases, leading to the growth of
material density. The variation of the material density and
the lattice parameter with dopant concentrations is shown in
Fig. 4.
3.2 SEM and EDS
Figure 5 presents the SEM micrographs of the
Co0.5Ni0.5Fe2−xCexO4 (where x = 0.0, 0.01, 0.015 and
0.02) nanoparticles. The micrographs reveal that the par-
ticles are alike and are agglomerated with the increase in
dopant concentration. This agglomeration results in the
densification of the samples, which increases the density
of the material. The same result is obtained from the XRD
theoretical density calculations. During the synthesis, volu-
minous gases escape from the material, creating pores in
the synthesized material. But, in the present study, no such
evidence has been found because the reaction is highly
exothermic. A sufficiently large quantity of thermal energy
is required for the grain growth during combustion pro-
cess. This leads to relatively fewer pores in the synthesized
material, and the dense agglomeration can be seen per-
fectly. Figure 6 shows the EDX spectrum for each sample
of Co0.5Ni0.5CexFe2−xO4 (where x = 0.0, 0.01, 0.015 and
0.02), where one can clearly see only the peaks of Co, Ni,
Fe, Ce and O. This confirms the absence of impurities in all
the samples. The Ce peak intensity increases along with the
increasing value of x. The surface morphology of the sam-
ple consists of some grains with relatively homogeneous
distribution with an average grain size varying from 20 to
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Fig. 4 Variation of lattice parameter a (in A˚) and X-ray density 	x (in
g/cm3) with Ce3+ concentration
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Fig. 5 SEM images of Co0.5Ni0.5Fe2−xCexO4 ferrite nanoparticles with x = 0.0, 0.01, 0.015 and 0.02
70 nm. The nominal theoretical and experimental compo-
sitions of the samples are shown in Table 2. The estimated
stoichiometry is much nearer to the anticipated values.
Figure 7 shows the grain size distribution histogram. It is
found that the grain size increases with the increasing Ce3+
concentration in the synthesized samples.
3.3 TEM
Figure 8 represents the TEM micrographs of the samples of
Co0.5Ni0.5Fe2−xCexO4 (where x = 0.01, 0.015 and 0.02).
The particle size is estimated using ImageJ software, and
the results of TEM images reveal that the particles appear to
Fig. 6 EDX spectra of
Co0.5Ni0.5Fe2−xCexO4 ferrite
nanoparticles with x = 0
(Co0.5Ni0.5Fe2O4), x = 0.01
(Co0.5Ni0.5Fe1.99Ce0.01O4),
x = 0.015
(Co0.5Ni0.5Fe1.985Ce0.015O4)
and x = 0.02
(Co0.5Ni0.5Fe1.98Ce0.02O4)
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Table 2 Summary of EDX analysis of Co0.5Ni0.5Fe2−xCexO4 ferrites
where x = 0.0, 0.01, 0.015 and 0.02
Ce3+ concentration Elements Composition Composition from
(x) theoretical values EDX analysis
0 Co 0.5 0.546
Ni 0.5 0.454
Fe 2.0 2
Ce 0.0 0
0.01 Co 0.5 0.575
Ni 0.5 0.425
Fe 1.99 1.989
Ce 0.01 0.011
0.015 Co 0.5 0.549
Ni 0.5 0.451
Fe 1.985 1.984
Ce 0.015 0.016
0.02 Co 0.5 0.562
Ni 0.5 0.437
Fe 1.98 1.981
Ce 0.02 0.019
be spherical in shape and homogeneously dispersed within
the crystallite size of approximately 25 to 80 nm. It should
be noted that some of the particles can be seen in the
shape of elongated cuboids. Some moderately agglomerated
particles as well as separated particles are also seen in
the TEM micrographs. For particle size estimation, only
separated particles are considered and these results are
in good agreement with the XRD results. The particle
size distribution histograms are shown in Fig. 8. The
SAED analysis of some selected compositions is presented
in the inset of TEM micrographs shown in Fig. 8, and
the data for the sample with x = 0.0 are presented in
our previous report [26]. The ring patterns do not show
any additional diffraction spots resulting from the other
metal oxides. The position and intensities of lines in the
diffraction pattern confirm the spinel cubic structure. This
characteristic feature from the SAED analysis indicates that
the synthesized samples are crystalline in nature [27].
3.4 Mo¨ssbauer Spectroscopy
The experimental spectra are fitted using SpectrRelax soft-
ware [28]. The isomer shifts are calculated with respect to
the metallic α-Fe. The room-temperature Mo¨ssbauer spec-
tra of Co0.5Ni0.5Fe2−xCexO4 (x = 0.0, 0.01, 0.015 and
0.02) nanoparticles are shown in Fig. 9. The spectra con-
sist of broadened Zeeman lines and quadrupole-split lines.
The simultaneous presence of a magnetic sextet and a dou-
blet component on the Mo¨ssbauer spectra is typical of
x=0.0 x=0.01
x=0.015 x=0.02
Fig. 7 Grain size distribution histogram of Co0.5Ni0.5Fe2−xCexO4 ferrite nanoparticles with x = 0.0 (Co0.5Ni0.5Fe2O4), x = 0.01
(Co0.5Ni0.5Fe1.99Ce0.01O4), x = 0.015 (Co0.5Ni0.5Fe1.985Ce0.015O4) and x = 0.02 (Co0.5Ni0.5Fe1.98Ce0.02O4)
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Fig. 8 TEM micrographs,
SAED and particle distribution
diagram of
Co0.5Ni0.5Fe2−xCexO4 ferrite
nanoparticles with x = 0.0
(Co0.5Ni0.5Fe2O4), x = 0.01
(Co0.5Ni0.5Fe1.99Ce0.01O4),
x = 0.015
(Co0.5Ni0.5Fe1.985Ce0.015O4)
and x = 0.02
(Co0.5Ni0.5Fe1.98Ce0.02O4)
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superparamagnetic nanopowder [29]. The reason of the dou-
blet lines being present on the spectra obtained at lower
temperatures than magnetic phase transition temperature is
the superparamagnetic relaxation. It leads to the collapse of
Zeeman lines because the Mo¨ssbauer spectroscopy measur-
ing time (τm) is much shorter than superparamagnetic relax-
ation time (τs) [30]. The temperature, at which the areas of
doublet and Zeeman lines are equal, is called the blocking
700 J Supercond Nov Magn (2019) 32:693–704
Fig. 9 Room-temperature Mo¨ssbauer spectra of Co0.5Ni0.5Fe2−xCexO4
ferrite nanoparticles with x = 0 (Co0.5Ni0.5Fe2O4), x = 0.01
(Co0.5Ni0.5Fe1.99Ce0.01O4), x = 0.015 (Co0.5Ni0.5Fe1.985Ce0.015O4)
and x = 0.02 (Co0.5Ni0.5Fe1.98Ce0.02O4)
temperature (TB). The TB value depends on a particle size
[31]. The decrease in particle sizes leads to the reduction
of TB. The doublet area values of Co0.5Ni0.5Fe2−xCexO4
Mo¨ssbauer spectra are ≈ 3% for x = 0.0 and x = 0.01,
≈ 4% for x = 0.015 and ≈ 6% for x = 0.02. These val-
ues indicate that TB is higher than the room temperature,
and the size of particles for the samples with x = 0 and
0.01 as well as x = 0.015 and 0.02 is close to each other,
which is in good agreement with the XRD particle size data.
The hyperfine magnetic field distribution functions P(H)
of Co0.5Ni0.5Fe2−xCexO4 Mo¨ssbauer spectra (Fig. 9) have
two local maxima. Each maximum corresponds to a Zeeman
sextet with parameters listed in Table 3. The isomer shift of
S1 sextet is 0.28 mm/s and attributed to Fe3+ in tetrahedron.
The isomer shift of S2 sextet is 0.36 mm/s and associated
with Fe3+ in octahedron [31].
The superparamagnetic relaxation leads to an asymmet-
ric shape of the lines on the Mo¨ssbauer spectra with sharp
outer and smeared inward sides [32]. This complicates
the model interpretation and reduces the reliability of the
Mo¨ssbauer spectrum parameters. To minimize the effect
of paramagnetic relaxation, the low-temperature Mo¨ssbauer
study is carried out. Figure 10 shows the Mo¨ssbauer spectra
of Co0.5Ni0.5Fe2−xCexO4 (x = 0–0.02) nanoparticles taken
at 15 K. The P(H) functions of Co0.5Ni0.5Fe2−xCexO4
Mo¨ssbauer spectra have three local maxima. These maxima
correspond to the three Zeeman sextets with the parame-
ters listed in Table 4. The isomer shift value of sextet S1
is ≈ 0.37 mm/s and corresponds to Fe3+ state in the tetra-
hedron oxygen environment [31–33]. The isomer shifts of
S2 and S3 sextets are ≈ 0.49 mm/s and correspond to Fe3+
in oxygen octahedron. Thus, the Fe3+ ions occupy both
A and B sites. The Fe3+ in the B site has two types of
local symmetry. The presence of three inequivalent states
of Fe3+ ions results from cation distribution. The P(H)
functions of Mo¨ssbauer spectra taken at 15 K possess two
maxima corresponding to octahedron sites, while at room
temperature, the P(H) functions have only one octahe-
dron maximum. It appears that the decreasing temperature
leads to the reduction of the superparamagnetic relaxation
effect on Mo¨ssbauer spectra and the narrowing of spectrum
Table 3 Parameters of
room-temperature Mo¨ssbauer
spectra of
Co0.5Ni0.5Fe2−xCexO4 ferrites
where x = 0.0, 0.01, 0.015 and
0.02 at low temperature (15 K)
x Component δ ± 0.02 ε/	 ± 0.002 H ± 0.5 G ± 0.02 A ± 1 (%)
(mm/s) (mm/s) (kOe) (mm/s)
0 D 0.30 0.802 0.66 3
S1 0.28 − 0.002 490 0.48 53
S2 0.36 − 0.007 513 0.52 44
0.01 D 0.30 0.688 0.52 1
S1 0.27 − 0.002 490 0.62 52
S2 0.36 − 0.007 513 0.62 47
0.015 D 0.29 0.804 0.58 4
S1 0.28 − 0.002 490 0.57 54
S2 0.36 − 0.008 514 0.57 42
0.02 D 0.29 0.820 0.63 6
S1 0.28 − 0.002 487 0.57 53
S2 0.35 − 0.008 513 0.57 41
δ isomer shift, ε quadrupole splitting, 	 quadrupole splitting of paramagnetic components, Heff magnetic
field on 57Fe nucleus, G spectral line width, A spectral component area
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Fig. 10 Low-temperature (15 K) Mo¨ssbauer spectra of Co0.5Ni0.5Fe2−x
CexO4 ferrite nanoparticles with x = 0 (Co0.5Ni0.5Fe2O4), x = 0.01
(Co0.5Ni0.5Fe1.99Ce0.01O4), x = 0.015 (Co0.5Ni0.5Fe1.985Ce0.015O4)
and x = 0.02 (Co0.5Ni0.5Fe1.98Ce0.02O4)
lines. This allows one to resolve the two maxima on P(H)
functions at 15 K, instead of one.
The value of sextet areas is approximately equal to
the Fe3+ concentration in the occupied states. According
to the data in Table 4, the area values of sextet S1 are
increasing with x. Therefore, the substitutions of Fe3+
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Fig. 11 Room-temperature M-H loop of Co0.5Ni0.5Fe2−xCexO4
ferrite nanoparticles with x = 0.0, 0.01, 0.015 and 0.02
ions by Ce3+ lead to the cation redistribution in the
Co0.5Ni0.5Fe2−xCexO4 (x = 0–0.02) nanoparticles.
3.5 Magnetic Study
The variation of magnetization (M , emu/g) with applied
magnetic field (H , kOe) for Co0.5Ni0.5Fe2−xCexO4 (where
x = 0.0, 0.01, 0.015 and 0.02) at room temperature is
shown in Fig. 11. The magnetization curves demonstrate the
change in magnetic behaviour of Co0.5Ni0.5Fe2O4 with the
Ce3+ doping. The value of saturation magnetization (Ms),
remanence (Mr), reduced remanence (R, Mr/Ms), coercivity
(Hc), anisotropy constant (KC) and magneton number (ηB)
values for doped and undoped Co0.5Ni0.5Fe2O4 ferrites
Table 4 Parameters of
Mo¨ssbauer spectra of
Co0.5Ni0.5Fe2−xCexO4 ferrites
where x = 0.0, 0.01, 0.015 and
0.02 at low temperature (15 K)
x Component δ ± 0.02 ε ± 0.002 H ± 0.5 G ± 0.02 A ± 1 (%)
(mm/s) (mm/s) (kOe) (mm/s)
0 S1 0.37 0.001 507 0.45 51
S2 0.49 − 0.012 535 0.38 25
S3 0.47 − 0.002 542 0.38 24
0.01 S1 0.37 0.001 508 0.46 53
S2 0.49 − 0.017 537 0.40 24
S3 0.48 − 0.003 547 0.35 23
0.015 S1 0.37 0.002 509 0.49 57
S2 0.50 − 0.012 533 0.41 24
S3 0.48 − 0.002 548 0.34 20
0.02 S1 0.38 0.001 508 0.50 58
S2 0.50 − 0.010 536 0.41 22
S3 0.48 − 0.001 547 0.33 20
δ isomer shift, ε quadrupole splitting, Heff magnetic field on 57Fe nucleus, G spectral line width, A spectral
component area
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Table 5 Room-temperature magnetic parameters of Co0.5Ni0.5Fe2−xCexO4 ferrites where x = 0.0, 0.01, 0.015 and 0.02, i.e. saturation
magnetization (Ms), remanence (Mr), reduced remanence (R), coercivity (Hc), anisotropy constant (KC) and magneton number (ηB)
Ce3+ concentration (x) Ms (emu/g) Mr (emu/g) R = Mr/Ms Hc (Oe) KC (erg/cm3) ηB (μB)
0.00 57.9 25.2 0.387 851 0.033 2.43
0.01 35.6 16.2 0.413 911 0.023 1.55
0.015 41.1 15.9 0.435 1030 0.022 1.74
0.02 48.7 20.1 0.455 1039 0.031 2.06
were calculated from the M-H loops [34]. These values are
tabulated in Table 5. Initially, the value of Ms is decreased
from 57.9 to 35.6 emu/g with the Ce3+ doping level for
0.01 and is then increased to 48.7 emu/g with x = 0.02.
This can be explained by the fact that the ferrites follow
Neel’s two-sub-lattice model [35]. According to Neel’s
two-sub-lattice model, the magnetic moment per formula
unit is given by ηB = MB − MA, where MB and MA
are the B and A sub-lattice magnetic moments (in μB).
Neel’s magnetic moments are calculated by taking the ionic
magnetic moment of Co2+, Ni2+, Fe3+ and Ce3+. The
magnetization depends on the cation distribution in the A
and B sites. The value of Ms is decreased with increasing
Ce3+ concentration. This is due to the added paramagnetic
Ce3+ which preferred the octahedral (B) site by displacing
Fe3+ from the B site to the A site by diluting the magnetic
moment of the B site. The net magnetization, being different
between the B and A sub-lattices, is increased due to an
increase in Fe3+ at the B site. When substitution of Ce3+
is increased, this prefers both the A and B sites and there
may be less migration of Fe3+ from the A site to the B
site, which eventually decreases the magnetic moment of B
site and thereby Ms. This may be the main reason for the
decreased magnetization for x ≥ 0.01.
The Hc value is increased with increasing the cerium
concentration, and this mainly depends upon the size of
the crystallite or particle and the anisotropy of the crys-
tal structure. The increasing Hc value suggests that the
material transforms to soft magnetic nature to hard mag-
netic nature and this behaviour of the samples indicates
that Ce-doped Co-Ni ferrites are helpful for permanent
magnet applications. Remanence ratio (R) is the character-
istic parameter of the magnetic materials. High R value is
needed for magnetic recording and memory devices; more-
over, R provides information by which the direction of
magnetization reorients to the nearest easy-axis magneti-
zation direction after the magnetic field is switched off.
The varying values of R, in the present case, are an indi-
cation of the anisotropic nature of Co0.5Ni0.5Fe2−xCexO4.
It is observed that the values of R are in the range
of 0.385 to 0.455, showing an increasing trend with
Ce3+ doping (Table 5).
4 Conclusion
For the first time, nanocrystalline Co0.5Ni0.5Fe2−xCexO4
(x = 0.0, 0.01, 0.015 and 0.02) ferrites have been
synthesized successfully by the modified solution combus-
tion method using a mixture of carbamide and glucose
as fuels. The impact of larger rare-earth Ce3+ on the
structural, microstructural and low-temperature Mo¨ssbauer
spectroscopy of the ferrite samples has been thoroughly
investigated. The XRD results reveal that the synthesized
samples are monophasic without any additional impurity
pickup, and the XRD patterns exhibit spinel cubic struc-
ture. The crystallite size decreases with the addition of
Ce3+ content to the host ferrite, which is in good agree-
ment with the crystallite size obtained from TEM micro-
graphs and Williamson-Hall plots. The declining trend of
lattice parameter is observed due to the fact that larger
ionic radii of rare-earth ions at Fe3+ site induce lattice
distortion and internal strain. The increased internal strain
results to lesser arrangement of Ce3+–O2− bonds which
leads to larger crystalline anisotropy. The SEM micrographs
reveal that particles are alike and are agglomerated with the
increased dopant concentration. The EDS results confirm
the stoichiometry much nearer to the anticipated values.
The room-temperature Mo¨ssbauer spectra exhibit magnetic
sextet and doublet components simultaneously, which sug-
gests that the synthesized material is a superparamagnetic
nanopowder. The doublet area increases by adding Ce3+ to
the ferrite sample. It can be concluded that the blocking tem-
perature is above room temperature. The low-temperature
Mo¨ssbauer spectra have three Zeeman sextets. The isomer
shift values of the sextets indicate that Fe3+ ions exist in
both tetrahedral and octahedral environments. The growth
of the sextet area corresponding to Fe3+ tetrahedral site is
the evidence of the substitution of Fe3+ by Ce3+ at the
octahedral sites. With the small value of Ce3+ doping, the
saturation magnetization values are decreased initially and
then increased. Further, the value of coercivity is found to
be increasing with increasing Ce3+ concentration. These
results corroborate a favourable change in the magnetic
behaviour of Co0.5Ni0.5Fe2O4 when doped with Ce3+ in
different proportions, and these ferrites can have potential
J Supercond Nov Magn (2019) 32:693–704 703
for magnetic recording, memory devices and permanent
magnet applications.
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